Traditionally, Schottky diodes are used statically in the electronic information industry but dynamic state Schottky diodes based applications have been rarely explored. Herein, a novel Schottky diode named "moving Schottky diode generator" has been designed, which can convert mechanical energy into electrical energy with voltage output as high as 0.6V, by means of lateral movement between graphene/metal film and semiconductor, where the semiconductor can be non-piezoelectric materials. The mechanism is based on the built-in electric field separation of drifting electrons in moving van der Waals Schottky diode. The power output can be further increased in future through optimizing the Schottky diode. The graphene film/silicon moving van der Waals Schottky diode based generator behaves better stability. This direct-current generator has the potential of converting mechanical efficiently and vibrational energy into electricity and enables many promising applications.
One Sentence Summary: A promising direct-current generator through moving van der Waals Schottky formed between graphene/metal film and semiconductor.
Main
Since the invention of Schottky diode at 1947 (1, 2) , many important applications have been developed including high power and high speed electronic devices, etc (3) (4) (5) . However, the moving Schottky diode is rarely explored since all the applications are focused on the static structure (6) . In 2006, Wang et al. discovered that a rectified ZnO Schottky diode can output electricity due to the combination of piezoelectric and semiconductor properties of ZnO (7) . The varied strain on ZnO nanowire can induce the variation of the barrier height of the Schottky barrier, leading to charge and discharge of the device (7) . Due to the requirement of the piezoelectric materials, the application of nanogenerator is limited (8) (9) (10) (11) . Herein, we have demonstrated a direct-current generator through a moving van der Waals Schottky diode by dynamically moving graphene or metal film over Si or GaAs substrates. The mechanism of the moving Schottky diode generator is based on the built-in electric field separation of the drifting electrons emitted by the disappearance of the depletion layer in moving Schottky diode. The working lifetime can be properly improved by choosing graphene as the metal material, which is outstanding not only because of its high conductive but also the high mechanical physical properties (12) (13) (14) (15) (16) (17) . Actually, static graphene/semiconductor van der Waals heterostructure based solar cells (18) (19) (20) (21) (22) , self-driven photodetectors (23) (24) (25) and water flow nanogenerator (26) (27) (28) (29) have been proposed. Compared with metal, graphene film has the unique advantage of high flexibility and durability, which promises the graphene film/silicon moving Schottky diode generator working well after 10000 runs back and forth. This direct-current generator has the potential of converting mechanical, vibrational and energy into electricity and enables many promising applications.
As a representative moving Schottky diode generator, the 3D diagram and schematic structure of the moving graphene film/Si Schottky diode based generator are illustrated in Figure   1A . The graphene or metal film was pressed to the semiconductor substrate compactly with a constant force when we move it on the semiconductor surface. When the graphene or metal film was dragged along the surface of the semiconductor substrate, a voltage or current output can be observed. As a representative system, the graphene film/Si heterostructure shows excellent rectification behavior with a low leakage current of ~2 nA under bias voltage of 1V (The top inset of Figure 1A ). The work function of N-type Si and P-type Si we used is approximate to its conduction band or valence band, i.e. 4.30eV and 4.90eV (The calculation is listed in the Supporting Information), respectively. The work function of graphene (~4.6eV) is different from that of Si (14) , thus a built-in electric field will form between the graphene film and P-type/Ntype Si substrate. For example, when graphene film touches N-type Si substrate by van der Waals force, electrons of the side of N-type Si will inject into graphene and an electron depletion region will form in N-type Si substrate. The barrier height of graphene film/Si heterojunction can be extracted by fitting dark current density-voltage (J-V) curves, which can be written as follows:
where K is the Boltzmann constant, T is the temperature and N IF is the ideality factor. According to the thermionic-emission theory, J 0 is the reverse saturation current density, which can be expressed by:
where A * is the effective Richardson constant of n-Si, Φ barrier is the barrier height of junction, q is the quantity of electric charge. Based on Equation (1) and Equation (2) graphene is shown in Figure 1C and it is found that a force of 5N is an optimal choice, where the diode has the best rectification characteristic (as shown in J-V curves and N IF of heterojunction under different force in the Figure S1 ). With the force increasing, the voltage output increases and then decreases with the change of the rectification characteristic of graphene/Si heterojunction. As shown in Figure 1D , some other materials such as indium tin oxid (ITO) and aluminum have been studied instead of the graphene film. The voltage output of smooth aluminum film can reach the highest voltage up to 0.6V at a dragging speed of 6 cm/s, which is three times of moving graphene film/Si Schottky diode based generator. The work function of metallic aluminum is about 4.28eV, which is smaller than Fermi energy of Si substrate, so the generated voltage direction is opposite to the graphene film. The current output of different materials also increases as the dragging speed increases, which is up to 4µA of moving aluminum film/N-type Si Schottky diode when the dragging speed reaches 6cm/s ( Figure 1E ).
Besides, the current output also increases linearly as the work area increases, as shown in Figure   1F . In order to study the effect of semiconductor, N-type GaAs substrate has been used to We propose that the dynamic appearance and disappearance of depletion layer in moving Schottky diode, which causes the separation of drifted electrons and holes, should be the origin of the electrical power generation. For the film/Si heterostructure system, the drift-diffusion equation and current can be described as below:
where J n , J p , µ n , µ p , D n, D p are the electron/hole current density, the electron/hole mobility and the electron/hole diffusion coefficient in semiconductor, respectively. V is the potential, q is the elementary charge, n and p are the position dependent electron density and hole density in semiconductor, respectively. As schematically shown in Figure 2 , the surface of metal or graphene film is rough, there are some gaps between metal or graphene film and semiconductor substrate. There is a process of appearance and disappearance of the depletion layer when the metal/graphene films move along the silicon surface. When the metal/graphene film touches with the Si substrate, the depletion layer will form at the interface of heterojunction immediately.
Furthermore, as the effect of gaps in the Schottky diode, the sliding of film on the large area silicon surface will leads to the disappearance of the depletion layer and the re-establishment of the depletion layer dynamically. According to equation (3) and (4), current signal is consisted of diffusion current (J diff ) and drift current (J drift ). We assume the total contact area between the film and silicon surface stays unchanged, so the J diff remain unchanged. However, the dynamic appearance and disappearance of the depletion layer will generate additional drifting electrons and holes, which can be separated by the built-in electronic field, leading to the increase of J drift .
Hence, the J drift is larger than J diff in the moving Schottky diode. This built-in electric field separation of the drifting electrons and holes emitted by the appearance and disappearance of the depletion layer in heterojunction causes the generation of current signal, which is defined as the moving Schottky diode generator. When we increase the moving speed, more drifting electrons can be generated, which increases the electricity output of the generator ( Figure 1B with the work function of 4.9eV, the electrons of the metal film whose work function locates above P-type Si, such as Cu, will transfer to the P-type Si while forming the built-in electric field.
The moving Schottky diode induced drifting holes in P-type Si will transfer against metal film and form electrical signal ( Figure 2E and 2F) . On the contrary, with the moving of heterojunction, holes in P-type Si substrate will transfer to the metal film whose work function locates below P-type Si under built-in electric field ( Figure 2G Furthermore, as this process is caused by the separation of moving Schottky diode induced drifting electrons and holes in Schottky diode, the generator can output continuous and direct electricity if we circularly move the film along the surface of the Si substrate. When the lateral movement between the film and semiconductor is rapid and continual, the induced voltage can be generated constantly. We have designed a generator system for continuously moving the graphene/metal film over the Si substrate ( Figure S6 ). Indeed, a direct voltage/current output of 0.6V/4µA has been achieved ( Figure 3A, 3B ) and the power output of this Al/P-type Si generator is about 0.02W/m 2 . However, the contact between the metal film and semiconductor is very tough thus induces the irreversible damage of the device, leading to the performance decline ( Figure 3C ). On the other hand, the graphene film can be stably used for the moving Schottky diode generator, which does not show obvious degradation after 10000 times of running whereas the metal film degrades after 1000 times of running ( Figure 3D ) The power density of the heterostructure based generator is measured to be 0.02W/m 2 , which can be used to light a red LED after storage by capacitor. According to the calculation listed in the Supporting Information, the power density of this moving Schottky diode based generator can reach as high as ~55300W/m 2 , which is limited by the quality of the Schottky diode and defect in the interface. This direct-current generator has the potential of converting mechanical, vibrational and tidal energy into electricity and enables many promising applications.
